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[57] ABSTRACT 
A method and apparatus for storing to and accessing 
from a memory device, onelor more voxels of a beam 
disposed along one or more of a plurality of storage/re 
trieval directions of a 3-D matrix array in 3-D discrete 
voxel space. Voxels are stored into memory space by 
mapping the voxels along one of the plurality of stora 
ge/ retrieval directions, into a plurality of independently 
addressable memory modules in memory storage space. 
Each memory module is indexed by a memory module 
index and has internal memory cell addresses. The map 
ping is carried out in accordance with a linear skewing 
function which expressed in terms of x, y, and z coordi 
nate directions and integer n. The voxels can be re 
.trieved along one or more of a plurality of storage/re 
trieval directions by de-mapping one or more of the 
voxels from the memory storage space into 3-D voxel 
space using spacial parameters and integer n. The 
demapping operations of the present method are also 
used in order to determine the voxel depth measures of 
voxels along one of the storage/retrieval directions. 

19 Claims, 15 Drawing Sheets 
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METHOD AND APPARATUS FOR STORING, 
ACCESSING, AND PROCESSING VOXEL-BASED 

DATA 

FIELD OF THE INVENTION 

The present invention relates generally to methods of 
and apparatus for storing to and accessing from a mem 
ory device, three-dimensional data. More particularly, 
the present invention relates to methods of and appara 
tus for storing and accessing voxel-based data of voxel 
based imagery from a three-dimensional frame buffer 
memory. 

SETTING FOR THE INVENTION 

The need to model objects and processes in two-di 
mensional and three-dimensional (hereinafter 2-D and 
3-D, respectively) space is manifest, and the advantages 
of doing so using computer graphic systems is equally as 
clear. 

Presently, a variety of computer graphic systems are 
known, and for the greater part, have been character 
ized in terms of the data they manipulate. For example,‘ 
there are systems that manipulate data represented on 
the continuous object (geometric) space R3, there arev 
those that operate on the discrete pixel-image plane Z2, 
and there are those that work on the discrete voxel 
image space Z3. 
Much energy and effort have been expended on sys 

tems using the former two approaches. An example of a 
system based on such techniques is a typical 2-D com 
puter graphics raster-display system. Therein, 2-D 
graphical information is stored in a “graphic display 
list” as a' structured collection of 2-D geometric prima 
tives, representing a model of the scene or object to be 
modelled. A graphics/geometry processor creates the 
desired image on the basis of the display list. The dis 
play-list pictures are transformed, shaded, and colored, 
they are mapped‘ onto the display screen, and scan-con 
verted into an unstructured matrix of pixels, and stored 
within a 2-D frame buffer. A video processor then re 
freshes the display screen from the 2-D frame buffer. 
Changes in the scene require that the graphics processor 
repeat the whole computationally-intensive pixel-gener 
ation pipeline process, again and again. This, in turn, 
causes both computational and buffer contention prob 
lems which slow down the working rate of the graphics 
system. This phenomenon is crucial especially in real 
time systems such as animation and simulation. 
As a result of recent developments and research, 

custom hardware and geometry, video or bitblt engines 
are now commercially available to improve or other 
wise speed-up the above-described computationally 
intensivevpipeline process. In conjunction with these 
geometry engines, or as an alternative, parallel proces 
sors have been utilized, exploiting the parallel nature of 
images and picture handling. 

Thus, as a result of such advances in computational 
science and technology, it has recently become quite 
conventional to use three-dimensional computer 
graphic systems having surface and solid modelling 
capabilities._ As with other types of graphics systems, 
such types of systems can be characterized by the fact 
that the 3-D object or scene is represented by a geomet 
ric model in 3-D continuous geometric space, R3. Such 
3-D geometric models are typically constructed from 
continuous 3-D geometric representations, including 
for example, 3-D straight line segments, planar poly 

2 
gons, polyhedra, cubic polynomial curves, surfaces, and 
volumes, circles, and quadratic objects such as spheres, 
cones, and cylinders. These 3-D geometrical represen 
tations are used to model various parts of an object, and 
are expressed in the form of mathematical functions 
evaluated over particular values of coordinates in con 
tinuous R3 space. Typically, the 3-D geometrical repre 
sentations of the 3-D geometric model are stored in the 
format of a graphical display list. 
Once modelled using continuous 3-D geometrical 

representations, the object can be graphically displayed 
along a particular view direction by repeatedly scan 
converting the graphical display list. 
However, such 3-D geometrical-based graphic sys 

tems are not without shortcomings and drawbacks. For 
example, when viewing the 3-D geometrical model of 
the 3-D object, only the surfaces visible to an observer 

' along a particular viewing direction should be dis 
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played. However, to ensure this, the hidden surfaces 
must be detected using surface detection algorithms, 
and removed by a computationally intensive process 
referred to as “hidden surface removal”. Also, for every 
small modi?cation, such as for example, a change in 
viewing direction, the graphical display list must be 
manipulated and repeatedly scan-converted, which is 
both time consuming and computationally intensive, 
further limiting the technique. 
Another major drawback of 3-D geometrical-based 

graphics systems is that projection of a 2-D view of the 
3-D geometrical model, and rendering and manipula 
tion thereof, are dependent on scene complexity. 

In addition, in some applications, like in medical im 
aging, biology, geology and 3-D image processing, the 
data is already in a voxel-based form and no geometric 
information is available. 
As an alternative to 3-D geometrical-based systems, 

several 3-D voxel-image space systems have been devel 
oped. In general, these voxel-image space, or voxel 
based, systems are based on the concept that a 3-D 
inherently continuous object or scene is discretized, 
sampled, and stored in a large 3-D Cubic Frame Buffer 
(CFB) memory comprising unit cubic cells called vol 
ume elements, or “voxels”. Three-dimensional objects 
are digitized and a regularly spaced 3-D matrix array of 
values is obtained and stored in the Cubic Frame Buffer. 
The 3-D array of voxels in the Cubic Frame Buffer is 
loaded with experimental data obtained by a 3-D scan 
ner such as a CAT or MRI medical scanner, or from a 
voxel data base. Alternatively, the digitization is per 
formed by scan-converting a 3-D geometrical model. 
Both experimental and synthetic samplings yield a cel 
lular tessellation of the original volumes, and the result 
ing cellular cubic memory provides a real yet discrete 
model of the 3-D scene or object. 

Consequently, the voxel representation, which is 
fundamental to all 3-D voxel-based systems, is very 
effective for the traditional applications employing em 
pirical 3-D voxel imagery, such as medicine (e.g. com 
puted tomography and ultrasounding), geology, biol 
ogy, and 3-D image processing (e.g. time varying 2-D 
images). 
The advantages of using voxel representation of ob 

jects and scenes are numerous, even if used solely for 
synthetic graphics, i.e. 3-D scan-conversion generated 
voxel objects. The projection of voxel-based images 
along a view direction displays only the visible surfaces 
and implicitly ignores the hidden surfaces of 3-D voxel 
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images. Also, for every small modi?cation, there is no 
need of repeatedly scan-converting and manipulating 
“graphical display lists” as required in 3-D geometrical 
based graphics systems. 

Rather, a change can be made directly to the Cubic 
Frame Buffer images, i.e. objects can be directly edited 
by deleting, masking out, or adding voxels with minimal 
computational effort. Also, when using a voxel-based 
approach, projection, rendering and manipulation are 
independent of the scene complexity, and it is normally 
unnecessary to employ conventional display-lists, re 
peated scan-conversions, and the computationally in 
tensive hidden surface removal or surface detection 
algorithms. 
To date, there have been several proposals for 3-D 

voxel-based graphics systems, all of which have one 
thing in common, namely, the utilization of high perfor 
mance multi-processing architectures in order to pro 
cess the huge amounts of voxel-represented data in the 
cellular cubic memory. Examples of such prior art sys 
tems, and their shortcomings and drawbacks, will be 
described hereinbelow. 

I A 3-D voxel-based graphics system hereinafter re 
ferred to as the Voxel processor or the GODPA (Gen 
eral Object Display Architecture) system, is disclosed 
in' the papers “An Architecture for the Real-Time Dis 
play and Manipulation of Three-Dimensional Objects” 
by'S. M. Goldwasser et al. published in Prac. Int’l. Con 
ference on Parallel Processing at pages 269-274, and in 
“A Generalized Object Display Processor Architec 
ture” published by S. M. Goldwasser in I.E.E.E. Com 
puter Graphics and Applications, Volume 4, Number 10, 
at pages 43-55. The GODPA system is a hierarchical 
hardware organization, in which a 256-cube voxel 
memory (8-byte per voxel) is divided into 64 symmetric 
equal sub-cubes. Each sub-cube is itself 643 voxels, 
which is processed by a separate concurrent Processing 
Element. Each Processing Element is a pipelined arith 
metic processor which outputs a double set of 128 X 128 
image-buffer and a Z-buffer. Each image~buffer is large 
enough to hold the largest projected image which can 
be created from its associated 643 sub-cube. The result is 
processed by 8 intermediate processors, each of which 
merges, based on a sequence control table, the sub 
image which is generated by 8 Processing Elements. 
The sequence control table contains, for a desired ob 
ject orientation, eight entries sorted in the required 
time-order de?ning the x, y and z offsets of the centers 
of the eight largest sub-cubes with respect to the center 
of the whole memory. The merged image of an interme-. 
diate processor is placed in the appropriate location 
within an intermediate double buffer. The intermediate 
buffers are merged by the output processor into a 
5l2><5l2 double buffer, using the same control table. 
When one buffer is being computed, the other is being 
displayed. The post processor performs in real time, 
tone-scale table look up and gradient shading in order to 
enhance the realism of the image. The projection of the 
cube onto the 5l2><5l2 screen is accomplished by a 
recursive subdivision (down to the voxel level) of the 
cube, into eight symmetric sub-cubes and a determina 
tion of which sub-cubes will be shown on the screen. 

' The x and y frame-buffer coordinates of each voxel are 
evaluated, and the pixels are written into the frame 
buffer using the “painter’s algorithm” for hidden sur 
face elimination. 
The GODPA system suffers from numerous short 

comings and drawbacks. For example, the GODPA 
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4 
system restricts its memory to be a 256-cube because of 
architectural reasons where it is neatly subdivided into 
a power-of-Z sub-cube. The GODPA system assumes 
that a data base of voxel-based objects exists for loading 
and image viewing, and is limited to operations solely in 
the discrete voxel image space Z3. Furthermore, the 
GODPA system is limited to handling gray scaled im 
ages, requires a post shader to enhance their appear 
ance, and is limited to generating parallel projections of 
3-D voxel images. Also, the GODPA system requires 
that the source of voxel-image data be provided from a 
voxel data-base. 
Another prior art voxel-based graphics system serv 

ing as part of a solid modelling system, is disclosed in 
the publication “The Graphics PARCUM (Processing 
Architecture Based on Cubic Memory) System: A 3-D 
Memory Based Computer Architecture for Processing 
and Display of Solid Models” by D. Jackel, published in 
Computer Graphics Forum, Volume 4, Number 4, 1985 
at pages 21-32. The cube of the PARCUM system is 
divided or partitioned into 643 macro-voxels, each of 
which is regioning containing 43 voxels, 1 byte for each 
voxel. The address for a voxel consists of the region 
address composed of x, y and z 4-bit sub-addresses, and 
a 6-bit voxel address. All voxels with the same voxel 
address are assigned to a specific memory module each 
of which can be addressed separately with 12 address 
lines. In other words, every voxel in a macro-voxel is 
assigned to a different memory module. With this ad 
dressing scheme, a macro-voxel can be fetched in paral 
lel, one voxel being retrieved from each module. The 
macro-voxel is then sorted into a 64-byte output data 
word, with an ascending address order. 
The Jackel publication proposes two hardware im 

plementations for the projection process. One is a sur 
face detection technique which uses a ray following 
method realized by the address processor which con 
tains three vector generators based on the binary rate 
multiplier mechanism. The vector generators are initial 
ized by the spatial orientation parameters of the projec 
tion plane coordinates computed by the host computer. 
The address sequences are-generated according to a 
search strategy enabling detection of the surface zones. 
The other projection process involves analytical com 
putation of the projection plane parameters based on the 
multiplication of the x, y and 2 addresses using a trans 
formation matrix involving matrix multiplication. As a 
method of rendering, the Jackel paper suggests the use 
of an elimination process involving the use of distance 
matrix used to generate in parallel vertical and horizon 
tal gradient matrices, followed by cosine computations 
for diffuse and specular reflection, and concludes with 
the evaluation of the perceived intensity by the ob 
server. 

The PARCUM system suffers from numerous short 
comings and drawbacks as well. In particular, the mem 
ory of the PARCUM system is limited to a 256 cube 
because of architectural reasons where it is neatly subdi 
vided into powers-of-2 sub-cubes. The PARCUM sys 
tem’s rendering capabilities are limited to color shading 
and does not provide for translucency. The PARCUM 
system is capable of only handling black and white 
images, and does not provide for color shading'or trans 
parency of voxel images. Furthermore, the system is 
limited to operation solely in the discrete voxel image 
space, and requires that the source of voxel-image data 
be provided from a voxel data base. 
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Another prior art voxel-based system using a 3-D P4 
(Three-Dimensional Perspective PEARY (Picture Ele 
ment Array) Projection Processor) architecture for 
realizing an interactive animation system using solid 
modeling, is disclosed in the publication entitled “A 
Three-Dimensional Display Method for Voxel-Based 
Representation” by T. Ohashi et al. published in Proc. 
Eurographics ’85, September 1985 on pages 221-232. 
The system employs projection and shading mechanism 
for displaying solid objects represented by a 3-D array 
of 256 cubed voxels arranged as a symmetric set of 
picture element arrays, i.e. sub-cubes, each of which is a 
643 voxel. The architecture is a pipeline, the ?rst stage 
of which employs a set of parallel processors, one for 
each picture element array, to perform the projection. 
Projection is accomplished by directly computing the 
projection points of the two ends of each beam (parallel 
to a principal axis within each picture element array) 
and then using linear interpolation to approximate the 
in-between points. The next stage of the pipeline is a 
merging processor that merges the projection images 
into a single image using 2-D maps of color, depth and 
object identi?cation. Shading is achieved with a post‘ 
processor using color and depth maps. The surface 
gradient. is ?rst calculated by averaging seven points 
generating an x buffer and a y buffer, and only then the 
brightness is evaluated. 
The Ohashi et al. system suffers from numerous 

shortcomings and drawbacks. For example, in particu 
lar, the voxel-based system is limited to a memory the 
size of a 256 cube because of architectural reasons 
where it is neatly subdivided into powers of two sub 
cubes. The system assumes that a data base of voxel 
based objects exists for loading and viewing, and its 
operation is limited to only the discrete voxel image 
space. 

In response to the shortcomings and drawbacks of the 
above discussed voxel-based systems, applicants have 
proposed an alternative computer graphic system based 
upon voxel representation of 3-D objects in a large 3-D 
memory which has been described, for example, in the 
following publications. “A 3-D Cellular Frame Buffer,” 
Arie Kaufman and R. Bakalash, in Proc. E URO 
GRAPHICS ‘85, Nice, France, September 1985, pp. 
215-220; “Memory Organization for a 'Cubic Frame 
Buffer,” Arie Kaufman, in Proc. EUR OGRAPHICS ’86, 
Lisbon,,Portugal, August 1986, pp. 93-100; “Towards a 
3-D Graphics Workstation,” Arie Kaufman, in Ad 
vances in Graphics Hardware 1, W. Strasser (Ed.), 
Springer-Verlag, 1987, pp. 17-26; “voxel-Based Archi 
tectures for Three-Dimensional Graphics,” Arie Kauf 
man, in Proc. IFIP ’86, 10th World Computer Congress, 
Dublin, Ireland, Sept. 1986, pp. 361-366; and “CU 
BE-An Architecture Based on a 3-D Voxel Map,” 
Arie Kaufman and R. Bakalash, in Theoretical Founda 
tions of Computer Graphics and CAD, R. A. Earnshaw 
(Ed.), Springer-Verlag, 1988, pp. 689-701. 
As disclosed in the above publications and generally 

illustrated in FIGS. 1 and 2, the proposed 3-D computer 
graphic workstation is based upon the 3-D voxel-based 
representation of objects within a large 3-D memory 
referred to hereinafter as a 3-D CubicFrame Buffer, 
which comprises specially organized memory modules 
containing a cellular array of unit cubic cells called 
voxels. The workstation 1 is a multi-processor system 
with three processors accessing the Cubic Frame Buffer 
2 to input sampled or synthetic data, to manipulate, to 
project, and to render the 3-D, voxel images. 

20 
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6 
In general, the processors include a 3-D Frame Buffer 

Processor 3, a 3-D Geometry Processor 4, and a 3-D 
Viewing Processor 5. The 3-D Frame Buffer Processor 
3 acts as a‘ channel for 3-D voxel-based images which 
have been “scanned” using a 3-D scanner 6 such as 
CAT and MRI medical scanners. The 3-D scanned 
voxel-based images are the primary source of Cubic 
Frame Buffer data. Once‘ the voxel images are stored in 
the Cubic Frame Buffer 2, they‘ can be manipulated and 
transformed by their 3-D Frame Buffer Processor 3, 
which also acts as a monitor for 3-D interaction. 
The 3-D Geometry Processor 4 samples and thereaf 

ter converts or maps 3-D continuous geometrical repre 
sentations of a 3-D object, into their 3-D discrete voxel 
representation within a Cubic Frame Buffer 2. Notably, 
the 3-D continuous geometrical representations com 
prise a set of mathematical functions which, as a whole, 
serve as a 3-D model of the 3-D object. Together, the 
sampling and conversion (i.e. mapping) process is typi 
cally referred to as a “scan-conversion” process. 

Referring to FIG. 3, in particular, a general overview 
of the 2-D and 3-D scan-conversion processes is given 
in terms of (i) mapping from continuous 3-D geometric 
models to 2-D discrete pixel image space, and (ii) map 
ping from continuous 3-D geometric models to 3-D 

~ discrete voxel-image space, respectively. In the above 
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described 3-D voxel-based systems, the 2-D scan-con 
version process illustrated in FIG. 3 is not carried out as 
such prior art processes are strictly limited to 2-D image 
data based generation and 2-D pixel image modelling, 
whereas in contrast, the 3-D scan-conversion process 
provides robust '3-D image data base generation and 
3-D voxel image modelling. 
The 3-D Viewing Processor 5 examines the voxels in 

the Cubic Frame Buffer 2 in the specified view direc 
tion which can be one of a variety of directions. By 
taking into consideration depth, translucency and color 
values, the 3-D Viewing Processor 5 generates a 2-D 
shaded projection (i.e. video pixel image) of the cubic 
frame voxel-based image, inputs the same into a conven 
tional 2-D Frame Buffer 7, which in turn is scanned by 

_ a conventional video processor 8, thereby 
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updating a video screen 9 with the 2-D shaded pixel 
image. The Viewing Processor 5 also performs the 
viewing transformations, hidden surface removal, ren 
dering, and allows for different viewing angles, or di 
rections. 

Producing in real-time 2-D projections of images 
stored in the Cubic Frame Buffer 2, depends on the 
specified view direction, the view position of the ob 
server, and the viewing parameters, and involves han 
dling a huge amount of data. In fact, in order to gener 
ate an orthographic projection of a moderate resolution 
(i.e. 5l2><5l2><8) the data flux through the Viewing _ 
Processor 5 is enormous. To appreciate the task of the 
Viewing Processor, an example is in order. 

Using the Cubic Frame Buffer 2 as the 3-D storage 
device for voxel-based representation of 3-D objects 
and scenes, it is expected that there are numerous ways 
in which to generate a 2-D orthographic projection. 
For example, one approach would be to scan inwards 
along a beam of voxels parallel to a principal axis, exam 
ining each voxel at a time, skipping over the transparent 
voxels until an opaque voxel is encountered, and then 
assigning the value of the opaque voxel to a pixel of the 
2-D Frame Buffer 7, which is periodically scanned by 
the video processor 8. Using this technique, a full 2-D 
projection frame would require, on the average, the 
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processing of half of the voxels in the Cubic Frame 
Buffer. Consequently, the throughput required of the 
Viewing Processor 5 would be enormous. For a moder 
ate Cubic Frame Buffer resolution 
5l2><5l2><5l2><8, the required rate of data ?ow is in 
the order of 0.50 Giga bit/second when the Viewing 
Processor 5 generates a new frame in the 2-D Frame 
Buffer 7, only once every second. Since this rate is far 
beyond the capabilities of existing or forthcoming single 
processors, parallel processing is imperative. 
A solution to the above-described “voxel-image pro 

jection problem”, was proposed in applicants’ above 
described publications. Speci?cally, applicants pro 
posed a method whereby the Viewing Processor 5 
would employ a sequence of (Voxel Multiple-Write) 
processing units which would simultaneously process a 
full beam of voxels along a speci?ed viewing direction, 
(each voxel in a separate processing unit), and select the 
?rst opaque voxel closest to the assumed observer view 

. ing along that viewing direction, in a time which is 
proportional to the log of the length of the beam. A 
voxel value de?ned as a transparent color would be 
used to disable all the processing units holding transpar 
ent voxels, all the units holding opaque units would be 
allowed to access a common bus, each attempting to 
place its opaque voxel value, one byte at a time, onto the 
bus. The opaque value closest to the observer wins and 
its voxel value is transferred to the 2-D Frame Buffer 7. 
Thus, by retrieving beams of voxels after beams of 

voxels from the Cubic Frame Buffer 2 using voxel mul 
tiple write bus, a 2-D projection of the Cubic Frame‘ 
Buffer image could be generated onto a 2-D graphic 
display. 

Consequently, a full projection of n3 voxels could be 
generated in O(n2log n) time instead of the conventional 
O(n3) time. Thus, by handling beams of voxels instead 
of single voxels, the' speed of the Viewing Processor 5 
could be greatly increased, and the required throughput 
thereof be about 2 mega bit/second instead of about 0.5 
giga bit/second. 
However, the proposed projection method, while in 

theory quite simple, nevertheless posed several other 
problems which had to be solved in order to success 
fully carry out the projection method. 

In particular, the time required to sequentially re 
trieve a single beam of 512 voxels, for example, is 52 
microseconds, and the proposed projection method 
requires retrieval of 512 full beams of 512 voxels from a 
5-123 voxel Cubic Frame Buffer, which takes about 14 
seconds, assuming a 100 nanosecond memory cycle 
time. Thus, it is clear that the bottleneck of applicants’ 
proposed voxel-based system, would be the time re 
quired to retrieve a beam of voxels from the Cubic 
Frame Buffer 2. 
To alleviate this memory accessing (i.e. storage/re 

trieval) problem, applicants proposed in the above 
referenced publications, a speci?c 3-D “symmetrically 
skewed” memory storage organization for the Cubic 
Frame Buffer 2, which could provide con?ict-free ac 
cess to the Cubic Frame Buffer 2 along storage/retrie 
val directions parallel to the x, y and z principal axes 
thereof. 
As illustrated in FIG. 4A, the skewed memory stor 

age organization involved sectioning the 3-D voxel 
space of the Cubic Frame Buffer into diagonal parallel 
sub-spaces having a 45° angle with respect to the main 
principal axes planes. According to this proposed mem 
ory organization scheme, a voxel having space coordi 
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8 
nates x, y and z is mapped into the k-th memory module 
of the Cubic Frame Buffer according to the skewing 
function, k=(x+y+z) mod n, where n is the length of 
one side of the nxnxn cubic memory buffer, and where 
each internal memory cell indice (i, j) within each k-th 
memory module is given by i=x, and j=y. Since two 
coordinates are always constant along any beam of 
voxels in the Cubic Frame Buffer regardless of the 
viewing direction, the third coordinate guarantees that 
only one voxel from the beam resides in any one of the 
memory modules. 
According to this proposal,-the physical memory of 

the Cubic Frame Buffer is divided into n memory mod 
ules, as illustrated in FIGS. 4B through 4B. To ensure 
that no two voxels of a beamreside in the same module, 
and therefore, that all the voxels of a beam can be re 
trieved simultaneously (i.e. in parallel) in one memory 
cycle, each memory module has its own independent 
address, k. _ 

Thus, using this proposed memory organization, a 
full beam of n voxels stored away “scrambled” in n 
different memory modules, could be, in theory, simulta 
neously accessed for all three principal viewing direc 
tions, i.e. along the ix, iy, i2 principal axes. How 
ever, several signi?cant problems arise from the user/ 
viewer’s point of view, when using such a memory 
storage scheme. Speci?cally, using the proposed mem 
ory storage scheme, the true voxel-based image in dis 
crete voxel space Z3, is “scrambled” and stored away in 
n different memory modules each having nxn memory 
cells, with address indices (i, j) that differ from the 
physical x, y and z coordinates of the voxels. Thus, as a 
result of the mapping operation of voxel beams into 
computer-storage space N3, the user/viewer is wholly 
incapable of specifying (in terms of physically interpret 
able measures) that a particular beam of voxels along a 
particular storage/retrieval direction, is to be retrieved 
from the skewed Cubic Frame Buffer. 

In connection with the above-described beam re 
trieval problem, it is noted that in the above prior art 
publications, this particular problem was not only not 
addressed, but also there was no disclosure, teaching or 
suggestion as to how a beam of voxels mapped into and 
stored within n memory modules of Cubic Frame 
Buffer (according to the above-described “skewed” 
memory storage scheme), might be retrieved therefrom, 
in general. 
The voxel-based system proposed in applicants’ prior 

art publications, is not without further limitations and 
shortcomings. In particular, the proposed system is 
limited to parallel projection of 3-D voxel images, ‘along 
one or more of the six principal view directions: +x, 
—x, +y, —y, +2, —z orthographic views parallel to 
the principal axes. Thus, viewing of the 3-D voxel 
image in the Cubic Frame Buffer from more than the six 
principal viewing directions, requires that the 3-D voxel 
image in the Cubic Frame Buffer is ?rst transformed 
(i.e. rotated) using the 3-D Frame Buffer Processor (an 
operation which distorts the 3-D voxel image), and 
thereafter viewing it along one of the principal ortho 
graphic directions. It is only through such a process that 
arbitrary parallel projections are achievable. 
While the prior art publications have described the 

Voxel Multiple Write Bus as employing a sequence of 
processing units which simultaneously process a full 
beam of voxels and select the ?rst opaque one in a time 
which is proportional to the log of the length of the 






































